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Individuals differ greatly in their psychological responses to chronic stress. As a step toward 
understanding the neural basis for these individual differences, Krishnan et al. (2007) reveal 
molecular changes in the brain’s reward circuits that make some mice resistant to the 
effects of social defeat.Stress is a broad concept that can be 
defined as a disruption of homeosta-
sis caused by physical or psychologi-
cal stimuli. Psychological stress has 
increasingly been featured in both the 
scientific literature and in the popular 
press as a result of terrorism and war. 
Because much of the medical litera-
ture has focused on the adverse con-
sequences—such as posttraumatic 
stress disorder (Yehuda and LeDoux, 
2007) or depression—of life-threaten-
ing or other powerfully adverse expe-
riences, the human species is often 
portrayed as far more fragile than it is. 
In fact, most humans who experience 
trauma, loss, or persistent adversity 
do not become ill. Yet little is known 
about mechanisms that contribute to 
adaptive and resilient responses to 
stressors as opposed to susceptibil-
ity to illness. In this issue, Krishnan et 
al. (2007) shed light on how animals 
adapt to adversity. This work reveals 
molecular adaptations in reward 
circuits of the brain that underlie 
the resistance of some mice to the 
effects of a potent stressor, chronic 
social defeat.
In the brain, stressful experiences, 
including threats to life, social stres-
sors (Frith and Frith, 2007), and 
reactions to bodily harm, are first 
transduced by sensory systems; the 
resulting information is processed 
by “emotional” circuits including 
the amygdala, the mesolimbic and 
mesocortical dopamine projections, 
and the orbital and medial prefrontal 
cortex. Outputs from these circuits 
to the hypothalamus, brainstem, and 232 Cell 131, October 19, 2007 ©2007 Eother brain regions produce physi-
ological responses (such as release 
of stress hormones and activation 
of the sympathetic nervous system), 
behavioral responses (such as ste-
reotyped aggressive, submissive, or 
flight behaviors), and the formation 
of memories that promote rapid and 
efficient responses to stimuli that 
predict a recurrence of the danger. 
Abnormal function of these emotion-
processing circuits is thought to con-
tribute to mood and anxiety disorders 
in humans. Perhaps the best under-
stood emotion processing circuits 
involve the amygdala (Phelps and 
LeDoux, 2005); these are required 
for normal fear responses and are 
very likely involved in the pathogen-
esis of posttraumatic stress disorder 
(Yehuda and LeDoux, 2007; Shin et 
al., 2005), other anxiety disorders, and 
perhaps depression. We need both a 
broader understanding (beyond the 
amygdala alone) and deeper, mecha-
nistic insights into circuits, cells, syn-
apses, and chemical mediators that 
are involved in responses to stressors 
if we are to promote resilience and 
effectively treat disabling emotional 
symptoms.
Nestler and colleagues begin to 
answer both needs by exploring the 
effects of stress on the mesolimbic 
dopamine pathway and by providing 
an initial molecular explanation of the 
resulting behaviors (Krishnan et al., 
2007). They investigate the mecha-
nisms of resilient versus more dam-
aging responses to stress using a 
social defeat stress model in c57bl/6 lsevier Inc.mice. In this model, mice are exposed 
to 10 bouts of social defeat in which 
c57bl/6 test mice are forced to intrude 
into space occupied by mice of a 
larger and more aggressive strain, 
leading to subordination of the test 
mice. Following this repeated stress, 
a subset of mice develop significant 
avoidance of social contact with mice 
of the same strain and exhibit other 
signs that are reminiscent of symp-
toms of human depression, includ-
ing weight loss and loss of hedonic 
(pleasure) responses to sucrose. A 
strength of the social defeat stress 
model is that, at least in this mouse 
strain, the stressor convincingly 
separates the mice into two groups, 
a group that the authors designate 
“Susceptible,” which develop social 
avoidance, and a group described as 
“Unsusceptible,” which continue to 
interact with other mice at the same 
rate as never stressed controls. The 
model has other strengths. Repeated 
social defeat would appear to be a 
good model for some adverse human 
experience. Moreover, the traits that 
emerge in susceptible mice reverse 
only with chronic antidepressant 
treatment, which mirrors the require-
ments for treatment of depression and 
anxiety disorders with these drugs in 
humans. Many putative depression 
models, such as the forced swim test, 
show antidepressant effects with a 
single dose (the antidepressant effect 
increases swim time before the ani-
mal gives up) and are more difficult 
to correlate with human experience. 
However, as should be expected, 
the results of social defeat stress do 
not fully recapitulate depression or 
any human anxiety disorder. More-
over, failure to regulate glucocorti-
coid release is a common feature of 
human depression, but Susceptible 
and Unsusceptible mice alike exhib-
ited elevated levels of the glucocor-
ticoid hormone, corticosterone, and 
both exhibited increased anxiety.
Beyond the robustness of the phe-
notype, a central contribution of this 
work comes from the analysis of the 
circuits and chemical mediators of 
stress susceptibility. Following up 
on the lab’s prior work (Berton et al., 
2006) the paper confirms that brain-
derived neurotophic factor (BDNF), 
a molecule implicated in neural plas-
ticity in many brain regions, plays a 
central role in the response to social 
defeat stress by acting in mesolim-
bic dopamine pathways. This path-
way comprises a projection from the 
ventral tegmental area (VTA) of the 
midbrain to the nucleus accumbens 
(NAc) and to other forebrain struc-
tures, such as the amygdala, involved 
in emotion processing. VTA dopamine 
neurons also project to the prefrontal 
cerebral cortex (Figure 1). These dop-
amine projections are well known as 
the neural substrates of the rewarding 
properties of food, mating behaviors, 
and addictive drugs such as cocaine 
and amphetamines (Wise, 2004). VTA 
dopamine projections are thought to 
act as learning signals with respect 
to rewards and other salient stimuli, 
shaping behavior to maximize the like-
lihood of obtaining reward. Moreover, 
VTA dopamine projections to the pre-
frontal cortex are involved in setting the 
valuation of different goals (Montague 
et al., 2004). Social interactions within 
a species are under complex regula-
tion, including forebrain and hypotha-
lamic pathways involving the peptides 
oxytocin and vasopressin (Storm and 
Tecott, 2005). However, social interac-
tions are also likely to engage reward 
pathways as is observed in this paper, 
with significant implications for further 
investigation.
Given the role of reward pathways 
in connecting hedonic responses to 
motivation and value, it would be sur-
prising if they had no role in depres-Figure 1. Neural Circuits Regulating Responses to Social Defeat
The mesolimbic dopamine pathway comprises a projection from the ventral tegmental area (VTA) 
of the midbrain to the nucleus accumbens (NAc) and to other forebrain structure, such as the 
amygdala and prefrontal cortex (PFC). These dopamine projections, which act as the neural 
substrates of the rewarding properties of food, mating behaviors, and addictive drugs, are now 
shown by Krishnan et al. (2007) to mediate the response of mice to social defeat. In mice sus-
ceptible to social defeat, expression of brain-derived neurotrophic factor (BDNF) increases in 
the VTA. The NAc is the recipient of increased BDNF release and shows enhanced downstream 
signaling via the BDNF receptor.sive symptoms such as loss of inter-
est in the sufferer’s normal activities 
and inability to experience pleasure 
(anhedonia). Yet the story is complex, 
and these mice do not really represent 
a depression model. The Susceptible 
mice displayed a lower dose thresh-
old for conditioned place preference 
to cocaine (a measure of the reward-
ing properties of cocaine) compared 
with Unsusceptible mice. It would 
be easy to anthropomorphize these 
mice and see them as self-medicat-
ing some kind of distress. However, 
it is more likely that susceptible 
mice would have lower thresholds 
for a passively administered cocaine 
reward because stress facilitates 
dopamine release in brain reward 
circuits, and the authors find higher 
firing rates in the VTA dopamine neu-
rons of Susceptible mice. This is not 
what one would hypothesize to be the 
case in depression, although imaging 
experiments on reward thresholds 
(using rewards other than cocaine) 
in depressed humans would be quite 
interesting.
In the studies performed by Krish-
nan et al., only the Susceptible mice 
exhibited elevated levels of BDNF pro-
tein (but not mRNA) in their VTA, and Cell 131, Obased on knockdown experiments, it 
is the VTA rather than its NAc projec-
tion target in which elevated BDNF 
levels produce the susceptible phe-
notype. The NAc is the recipient of 
increased BDNF release and shows 
enhanced downstream signaling via 
the BDNF receptor. How such signal-
ing leads to the observed phenotype 
will likely prove difficult to determine.
There are several interesting 
experiments investigating the mech-
anisms by which BDNF release might 
be regulated by social defeat stress. 
One series, in particular, deserves to 
be highlighted. In a microarray com-
parison performed on day 11 (one day 
after completion of the social defeat 
paradigm), Unsusceptible mice were 
found to have upregulated mRNAs 
encoding three K+ channels in the 
VTA. K+ channels tend to hyperpo-
larize neurons, thus decreasing their 
excitability, and in slices from day 11 
mice, firing of VTA DA neurons was 
increased in Susceptible but not 
Unsusceptible mice. To investigate 
a possible causal role for upregula-
tion of K+ channels, a herpes simplex 
virus Kir2.1 construct was injected 
into the VTA on day 11. Three days 
after the injection, this construct ctober 19, 2007 ©2007 Elsevier Inc. 233
converted Susceptible mice to 
Unsusceptible mice. Although it 
is unlikely that naturally occurring 
stress responses can be turned off 
in such a potent and simple man-
ner, the paper should encourage a 
new focus of research on the VTA in 
particular and on reward circuits in 
general. Future work on reward cir-
cuits would complement the consid-
erable ongoing efforts on regulation 
of mood and anxiety by circuits of 
the amygdala and prefrontal cortical 
(Ressler and Mayberg, 2007).234 Cell 131, October 19, 2007 ©2007 E
When Edmund Hillary climbed with 
Tenzing Norgay into thin air in their 
campaign to conquer Everest, little 
did they know that an intriguing piece 
of stem cell biology was contributing 
to their success. In this issue, Pardal 
et al., (2007) reveal that in low-oxygen 
conditions, a glia-like stem cell popu-
lation of the carotid body proliferates 
and generates new dopaminergic 
neurons that contribute to an increase 
in ventilation. This is the first finding 
of in vivo neurogenesis from adult 
stem cells derived from the neural 
crest. Moreover, the demonstration 
that carotid stem cells can be grown 
in tissue culture opens up an excit-
ing possibility—to expand a patient’s 
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Neurogenesis is highly restricted 
in adulthood. In the adult central 
nervous system (CNS), neurons are 
formed in the dentate gyrus of the hip-
pocampus and in the subventricular 
zone surrounding the lateral ventricle. 
Adult CNS stem cells resemble astro-
cytes (a major type of glial cell) in their 
ultrastructural features and expres-
sion of glial fibrillary acidic protein 
(GFAP) (Alvarez-Buylla and Lim, 2004; 
Doetsch et al., 1999). In the peripheral 
nervous system (PNS), neurogenesis 
persists in the olfactory neuroepithe-
lium, which produces sensory neu-
rons throughout life for odor detec-
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Pardal et al. reveals another location 
for endogenous neurogenesis—the 
chemoreceptor carotid body.
The ability to adapt to short- and 
long-term exposure to low-oxygen 
environments is crucial for mammalian 
survival, and the carotid body, nes-
tled at the bifurcation of the internal 
and external carotid arteries, is a key 
component of the adaptive response 
(Figure 1). The carotid body consists 
of two main cell types, the excitable 
dopaminergic glomus cells and the 
sustentacular cells that resemble glia 
of the CNS in their supportive role 
and GFAP expression. The glomus 
cells, present in highly vascularized 
lls  
Y 12208, USA
 USA
 that senses oxygen concen-
reathing. Pardal et al. (2007) 
liferate in response to hypoxia 
e of adult stem cells may be 
